Objectives: The esophageal microbiome is composed of predominantly oral flora and is altered in reflux-related conditions including Barrett's esophagus (BE). Changes to the esophageal microbiome may be reflected in the oral cavity. Assessing the oral microbiome thus represents a potential non-invasive method to identify patients with BE.
Introduction
The incidence of esophageal adenocarcinoma (EAC) continues to rise at an alarming rate in Western countries, and this malignancy is associated with a dismal prognosis 1,2 . Barrett's esophagus (BE) is the precursor lesion to the development of EAC, and patients diagnosed with BE can undergo endoscopic surveillance and endoscopic therapy for those who develop dysplasia or early cancer. This approach reduces the risk of EAC and potentially lowers EAC mortality [3] [4] [5] [6] , yet only 10% of patients with EAC receive a prior diagnosis of BE 6, 7 . While widespread identification of patients with BE has the potential to reduce EAC mortality in the long run, broad screening with upper endoscopy is impractical and costly. Therefore, there is marked interest in the development of nonendoscopic, minimally invasive means to identify patients with BE that could be implemented in the primary care setting 8 .
Coincident with the rise in EAC incidence, the gastrointestinal microbiome has undergone a significant shift with the advent of antibiotics and the progressive decline in Helicobacter pylori infection rates. This raises the possibility that the upper gastrointestinal microbiome may play a key role in the development of EAC. The esophageal microbiome is broadly similar to the oral microbiome; both contain an abundance of anaerobes as well as a high ratio of Firmicutes to Bacteroidetes 9, 10 . This similarity may be due in part to distal migration via swallowed secretions and other mechanisms. The esophageal microbiome is altered in reflux-related conditions including Barrett's esophagus [11] [12] [13] , and these changes may be reflected in the oral microbiome.
The assessment of the oral microbiome may allow for the identification of patients with BE. We therefore carried out a case-control study to test the hypothesis that patients with BE have a distinct oral microbiome compared to patients without BE.
Methods

Study population
We performed a case-control study of patients ≥18 years old, enrolling subjects without or with a diagnosis of Barrett's esophagus who were scheduled to undergo upper endoscopy for clinical indications. Subjects were prospectively enrolled over 18 months at a single academic medical center (Columbia University Medical Center, New York, NY). Barrett's esophagus subjects had a history of biopsy-proven BE (intestinal metaplasia from the tubular esophagus), BE length ≥2 cm, and taking at least once daily proton pump inhibitors (PPI) for the prior month. Controls were considered PPI-positive if taking at least once daily PPI for the prior month, or PPI-negative if not taking any acid suppression (PPIs or H2-receptor antagonists) for the prior month. Subjects were excluded for any of the following: use of antibiotics, steroids, or other immunosuppressants within the previous 3 months; use of H2-receptor antagonists as only acid suppression for the prior month (to better distinguish findings between acid suppression and no acid suppression); past history of gastric or esophageal cancer; history of gastric or esophageal surgery, including antireflux or bariatric surgery; uncontrolled HIV immunosuppressed states or conditions; and for BE patients only, prior endoscopic therapy for BE or esophageal cancer.
After obtaining informed consent and prior to the endoscopy, demographics and clinical data were collected. Height was recorded, and weight and waist and hip circumference were measured. A history of reflux symptoms was assessed using a modified version of the Mayo Gastro-Esophageal Reflux Questionnaire 14 . Subjects also completed a food frequency questionnaire derived from the National Health Interview Survey and validated for assessment of fat and fiber intake over the preceding 4 weeks 15, 16 . All participants provided written informed consent. The Institutional Review Board of Columbia University approved the study on February 25, 2015.
Sample collection
All subjects were fasting at the time of sample collection. Saliva was collected using the drool technique and stored in Oragene DNA OG-500 collection kits (DNA Genotek). The adherent oral microbiome was sampled using oral swabs (Epicentre Catch-All Sample collection swabs) by broadly sampling five distinct sites (right and left buccal lining, tongue dorsum, hard palate, and superior labial frenulum). At the beginning of the upper endoscopy, the scope channel was flushed with 20 mL sterile water. The esophageal squamous microbiome was sampled with two separate brushes (Endoscopy Cytology Brush, model G22174; Cook Medical), by passing the brush back and forth 10 times in each of four quadrants. This was similarly performed of areas with BE tissue (in BE patients) or gastric cardia (within 1 cm of the squamocolumnar junction) in controls). Brush tips were cut using sterile wire cutters and placed in sterile Eppendorf tubes. All samples were then stored at −80°C.
Microbiome characterization
DNA for all oral and esophageal samples was extracted using the MoBio PowerSoil kit (Qiagen, Carlsbad, CA) according to the manufacturer's instructions. The V4 hypervariable ribosomal RNA region was amplified using primers 515F (5′-GTGCCAGCMGCCGCGGTAA-3′) and 806R (5′-GGACTACHVHHHTWTCTAAT-3′) 17 . Sequencing of the 16S rRNA gene V4 region was performed using the Illumina HiSeq 2500 in Rapid Mode with 2 × 250 bp read length (Illumina, San Diego, CA). Read pairs were merged to yield 549,946,303 total sequence contigs or an average 1,851,700 contigs per sample using mothur. After downsampling the number of contigs per sample to 200,000, singleton contigs were discarded. The remaining contigs were trimmed and filtered for quality using mothur yielding an average of 101,359 contigs per sample (total: 30,103,626) 18 . Greengenes was used as reference database 19 . Clustering of taxonomic units was made at 97% sequence similarity using USEARCH and taxonomic assignments were made using mothur. FastTree version 2.1.7 was used to generate a phylogenetic tree of the contigs 20 . Using mothur and the phylogenetic tree, weighted and unweighted Uni-Frac distances as well as diversity indices were calculated 21 . Broad analyses were performed to identify differentially abundant taxa between groups. Differentially abundant taxa between groups were identified using linear discriminant analysis effect size (LEfSe) 22 . Differential abundance analysis was also performed using phyloseq with DESeq2.
Within-individual correlations were assessed between saliva and esophagus (both squamous and BE/cardia) and then repeated for oral swabs and esophagus, by calculating Spearman rank correlation coefficients at the genus level for all genera with non-zero read counts in oral and esophageal samples. There was a nonsignificantly higher correlation between saliva and BE/ cardia as compared to oral swab (mean rho 0.73 vs. 0.69, p = 0.27), with similar findings for comparisons with squamous esophagus (mean rho 0.71 vs. 0.69, p = 0.56). The decision was made to focus analyses on saliva; saliva may represent a better biomarker of BE status than do oral swabs, as bacteria in swallowed secretions (i.e., saliva) may be more likely than adherent oropharyngeal bacteria to influence the make-up of the esophageal microbiome.
Analyses
Continuous variables were analyzed using t-tests and rank-sum tests, and categorical variables were analyzed using Fisher's exact tests. Average linkage (UPGMA) method was used to cluster patients based on weighted UniFrac metric. Rank-sum test was used to compare pairwise distances within BE patients and controls, as well as across BE patients and controls. Differences between groups at the phylum level were assessed using ANOVA (p = 0.03 for comparison of BE vs. controls). Subsequently, t-tests were used to compare phylum relative abundances between groups. Each of the individual taxa at the family or genus level that were significantly differentially abundant between groups (identified by LEfSe or DESeq) were then analyzed. Logit models were generated for each taxon and its association with BE status. For logit models with multiple taxa (up to a maximum of three in taxa in a model), the beta coefficients were used to generate a score for each subject. This score was then used to generate areas under the receiver operating curve (AUROCs) to assess how well they discriminated between groups. Leaveone-out cross-validation was performed to assess model accuracy. Youden's index was used to identify optimal cut points. Multivariable logistic regression was performed to determine whether other factors (clinical characteristics, medications, smoking, dietary fat, and fiber intake) influenced the association between microbiome-based scores and BE status. Each variable was assessed, one at a time, to determine whether that particular variable was a potential confounder for the association between the microbiome signature and BE status. Covariates were defined as potential confounders if they altered the β coefficient for the microbiome score by >10%. Interaction was assessed by generating multiplicative terms in regression models. To assess the oral microbiome as a potential marker of advanced neoplastic progression, the above analyses were repeated comparing subjects with BE-associated high-grade dysplasia (HGD) or EAC to those with non-dysplastic BE. Subjects with low-grade dysplasia (LGD) were excluded from these comparisons; there are diverse estimates on the progression rate of LGD, and management guidelines do not recommend endoscopic eradication therapy for all patients with LGD [23] [24] [25] . Statistical significance was defined as p < 0.05. Analyses were performed using Stata 14.1 (StataCorp, College Station, TX).
PCR of candidate taxa
Semi-quantitative PCR (SsoAdvanced Universal SYBR Green Supermix, Bio-Rad, Hercules, CA) was performed for the taxa Lautropia, Streptococcus, and Enterobacteriaceae to validate key findings from 16S rRNA gene sequencing analyses. Previously published primer pairs were used for Streptococcus, Enterobacteriaceae und Eubacteria and newly designed for Lautropia (Laut_16s_F: 5′-GTCCTTTTCGTTCCCGCC-3′, Laut_16s_R: 5′-CAA GGCGACGATCTGTAGCTGG-3′) 26, 27 . Samples were diluted to 5 ng/µL DNA and run on a StepOnePlus Real-Time PCR System (Applied Biosystems, Foster City, CA). For each sample and taxon primer, ΔCt values were calculated using as a reference the Ct value for Eubacteria for the corresponding sample. qPCR for Eubacteria represents the entire bacterial DNA in the sample; thus, the ΔCt values were analogous to relative abundance data from 16S rRNA gene sequencing.
Results
A total of 49 patients were enrolled, 32 with Barrett's esophagus and 17 controls. There were 16 BE patients without dysplasia, 6 with low-grade dysplasia, 5 with highgrade dysplasia, and 5 with EAC. Patient characteristics are shown in Table 1 . A higher proportion of BE patients was male (87.5 vs. 52.9%; p = 0.007), had GERD (93.8 vs. 58.8%; p = 0.005), and used PPIs (100 vs. 35.3%; p < 0.001), and controls had higher mean BMI (32.9, SD 8.5 vs. 28.5, SD 5.2; p = 0.03).
Salivary microbiome
To test the potential utility of the salivary microbiome as a screening marker for Barrett's esophagus, all 32 BE patients were compared to the 17 controls. There was no difference in alpha diversity between the two groups (mean Shannon index: BE 2.73 vs. controls 2.89; p = 0.10). On beta diversity analyses, there was evidence of significant clustering. (Fig. 1 ) At the phylum level, BE patients had significantly greater relative abundance of Firmicutes (27.1 vs. 14.6%; p = 0.005) and decreased Proteobacteria (23.8 vs. 34.5%; p = 0.02) (Fig. 2) .
Both broad and specific taxonomic differences were found comparing saliva from BE patients and controls (Fig. 3 AUROCs were then calculated for the differentially abundant genera and families. Relative abundance of Lautropia produced the highest AUROC of any individual taxon (0.86, 95% CI: 0.73-0.98). A three-taxon model with Lautropia, Streptococcus, and Enterobacteriaceae discriminated between BE and controls with an AUROC of 0.90 (95% CI: 0.81-0.99; p = 0.30 vs. Lautropia alone). The model with the greatest discrimination between BE and controls included Lautropia, Streptococcus, and an unspecified genus of the order Bacteroidales, with an AUROC of 0.94 (95% CI: 0.85-1.00; p = 0.04 vs. Lautropia alone) ( Fig. 4 ; relative abundance of these taxa shown in Supplementary Figure 1 ). Using the optimal cutoff, a score produced by this model discriminated BE patients from controls with 96.9% sensitivity and 88.2% specificity, and produced positive and negative likelihood ratios of 8.23 and 0.035, respectively. By altering the cutoff, 100% sensitivity could be achieved with an associated 70.6% specificity. In leave-one-out cross-validation analysis, the AUROC was 0.92 for the three-taxon model of Lautropia, Streptococcus, and an unspecified genus of the order Bacteroidales. Qualitatively similar results were found in secondary analyses restricted to BE subjects without dysplasia compared to controls (Supplementary Table 2 ).
Patient characteristics and test performance
All three models (Lautropia alone; Lautropia, Streptococcus, and Enterobacteriaceae; Lautropia, Streptococcus, and an unspecified genus in the order Bacteroidales) remained significantly associated with BE status after individual adjustment for typical BE risk factors including age, sex, BMI, and GERD status. The association between the microbiome models and BE status was also not influenced by dietary fat or fiber intake. There was evidence of significant interaction by ever smoking status and the microbiome models. In stratified analyses, the AUROCs were higher in never smokers and also with BE compared to controls who used PPIs, although there was broad overlap in the confidence intervals (Supplementary Table 3 ). Comparing BE patients to GERD controls, the AUROC for the microbiome signature (Lautropia, Streptococcus, and an unspecified genus in the order Bacteroidales) was 0.95 (95% CI: 0.88-1.00).
Advanced neoplasia
Exploratory analyses were performed comparing patients with non-dysplastic BE to BE with HGD or EAC to gain insight into the potential utility of the salivary microbiome as a marker of progression. There was no difference in diversity between no dysplasia and HGD or EAC (mean Shannon index 2.71 vs. 2.82; p = 0.38). Patients with HGD/EAC had increased relative abundance of Enterobacteriaceae and decreased Veillonella Figure 2) . The optimal cutoff for this model was associated with 90.0% sensitivity and 87.5% specificity. To validate the findings from 16S rRNA gene sequencing, qPCR was performed for Lautropia, Streptococcus, and Enterobacteriaceae and assessed relative to Eubacteria for each sample. Similar to results from 16S analyses, saliva from Barrett's esophagus subjects had significantly decreased Lautropia (p = 0.002) and increased Streptococcus (p = 0.009) compared to controls. Saliva from subjects with advanced neoplasia had significantly increased Enterobacteriaceae compared to non-dysplastic BE (p = 0.04) ( Supplementary Figure 3 ).
Discussion
In this case-control study of patients with and without Barrett's esophagus, there were marked differences in the oral microbiome of patients with BE, with significantly increased Firmicutes and decreased Proteobacteria. An oral microbiome signature model including relative abundance of Lautropia, Streptococcus, and an unspecified genus of order Bacteroidales distinguished patients with BE from controls with relatively high accuracy, and this signature remained significantly associated with BE status after adjustment for potential confounders. Additional changes in the oral microbiome were also noted in patients with HGD or EAC, with decreased Veillonella and increased Enterobacteriaceae compared to nondysplastic BE patients.
PPI use and a history of GERD symptoms were more common in BE patients. Thus, the question is raised as to whether the observed associations between specific oral microbiome alterations and BE status were merely a reflection of PPI use and/or GERD. In secondary analyses comparing BE patients to controls who were taking PPIs, the association between the microbiome signature and BE status was strengthened. If the observed alterations in the oral microbiome were in fact secondary to PPI use, then the association comparing BE patients to controls who were taking PPIs should have been weaker, not stronger. Similarly, in the analyses of the three-taxon microbiome signature comparing BE patients to GERD controls, the AUROC remained high.
The current findings raise the possibility that oral microbiome analyses could be used to screen for Barrett's esophagus. The test characteristics of the three-taxon model from the current study compare favorably with other nonendoscopic screening tests for BE. The Cytosponge, a tethered cell sampling device coupled with immunohistochemical staining for trefoil factor 3, is the best studied nonendoscopic test for BE. In a case-control study of 1110 patients, the Cytosponge had 80% sensitivity and 92% specificity for the diagnosis of BE 28 . In a recent study, an electronic nose device had 82% sensitivity and 80% specificity for the diagnosis of BE, with an associated AUROC of 0.79 29 . Interestingly, this device measures volatile organic compounds, which may be produced and influenced by oropharyngeal bacteria. In light of the high sensitivity, a major strength of an oral microbiome-based test may lie in its ability to rule out BE due to a very low negative likelihood ratio. Even in a population with a high BE prevalence (e.g., 15%), a negative test would lower the probability of BE to <1%.
Saliva collection is non-invasive and can be performed in any setting. However, prior to adoption into clinical practice, the current findings need to be validated in larger and distinct populations. There was evidence of possible effect modification by ever smoking status, although there were not enough current smokers enrolled to fully assess the impact of smoking. The effects of medications, diet, smoking, and oral health all need to be assessed further, as these factors may impact the salivary microbiome test characteristics 30, 31 . Also, presently 16S rRNA gene sequencing and analyses are relatively expensive and labor intensive. Ultimately, a multiplex PCR test of key taxa may be more robust, faster, and cheaper.
Some of the current findings are consistent with prior oral microbiome studies and associations with inflammatory or neoplastic conditions. In a study of head and neck squamous cell cancer, the saliva from non-cancer controls had significantly increased relative abundance of Lautropia, whereas cancer patients had increased Streptococcus 32 . Relative abundance of Lautropia has also been found to be decreased in the saliva of esophageal squamous cell cancer patients and in subgingival samples of patients with periodontitis [33] [34] [35] [36] . Abundance of Lautropia subsequently increases after successful treatment of periodontitis 37 . Relatively little is known with regard to the function of this genus. Lautropia may represent a keystone bacteria in the mouth, and its loss may lead to proliferation of other proinflammatory bacteria, analogous to the role of Clostridia in the colon 38, 39 .
Interestingly, there were also differences in the oral microbiome between patients with high-grade dysplasia or EAC and non-dysplastic BE. Notably, there was significantly increased relative abundance of Enterobacteriaceae in HGD and EAC patients. Relative abundance of Enterobacteriaceae in the saliva may serve as a surveillance marker for patients with BE, although these findings should be interpreted with caution given the relatively small number of subjects. This family contains numerous genera and species of Gram-negative bacteria, including Escherichia coli, Salmonella, Shigella, and Citrobacter, which have been associated with gastrointestinal infection, inflammation, and cancer [40] [41] [42] [43] [44] [45] . There was moderate within-individual correlation of Enterobacteriaceae between saliva and BE tissue (data not shown), which raises the possibility that some of these taxa may play a pathogenic role in progression from BE to EAC.
The current study has several strengths. There was excellent sequencing coverage, which allowed for the identification and analysis of potentially important but low abundance taxa such as Lautropia and Enterobacteriaceae. Data were collected with regard to medication use, smoking history, reflux symptoms, and dietary intake, which allowed for the assessment how these factors could impact the association between oral microbiome taxa and BE status. The findings from 16S rRNA gene sequencing were further validated by qPCR of three key taxa from the microbiome signatures.
There were certain limitations. This was a relatively small study, which limits the generalizability of the findings. Only three subjects were current smokers, and recent antibiotic use was an exclusion criterion. Thus, additional studies are needed to determine whether active smoking or antibiotic use impacts the relationship between the oral microbiome and BE status. Pre-and probiotics could alter the microbiome, and data on their use were not captured. Thus, we are unable to determine whether or how pre-or probiotic use may have impacted the association between the microbiome signature and BE status. Variability in the oral microbiome has been reported across geographic regions as well as ethnically distinct populations 46, 47 . It is unknown whether geographic variation exists within populations at highest risk for EAC (e.g., older white males). While the current study showed associations between various taxa and BE status, no clear insight can be gleaned with regard to a potential biological role for these microbiome alterations.
In conclusion, patients with Barrett's esophagus have a highly distinct oral microbiome. Barrett's esophagus patients had increased relative abundance of Firmicutes and decreased Proteobacteria. Numerous differences in lower-level taxa were also found. A model including relative abundance of Lautropia, Streptococcus, and an unspecified genus of order Bacteroidales distinguished patients with and without BE with high accuracy. These findings warrant further validation studies in distinct populations in order to assess whether an oral microbiome-based test can be used to screen for Barrett's esophagus.
Study Highlights
What is current knowledge?
• Roughly, 90% of patients with esophageal adenocarcinoma are not previously diagnosed with Barrett's esophagus, and thus the opportunity to intervene and potentially prevent cancer is missed.
• Widespread endoscopic screening for Barrett's esophagus is not practical, and there is a need to develop non-endoscopic techniques to diagnose Barrett's esophagus.
• The esophageal microbiome is altered in Barrett's esophagus, and these changes may be due in part to changes to the oral microbiome with subsequent distal migration.
What is new here?
• The oral microbiome in patients with Barrett's esophagus is markedly different from patients without Barrett's esophagus.
• A panel of taxa, including Lautropia and Streptococcus, can discriminate patients with Barrett's esophagus with relatively high accuracy.
• Enterobacteriaceae, a family associated with infection and inflammation, are increased in the saliva of patients with high-grade dysplasia and cancer. 
